We have previously shown that p26olf is a novel S100-like Ca 2؉ -binding protein in the frog olfactory epithelium. In this paper, we characterized the Ca 2؉ binding property of p26olf, examined the precise localization in the frog olfactory epithelium, and searched for the possible target proteins of p26olf. By flow dialysis experiments using 45 Ca, p26olf was suggested to bind ϳ4 Ca 2؉ . Circular dichroism measurement showed that binding of Ca 2؉ to p26olf induces an increase in the apparent content of both ␣-helix and ␤-sheet with an apparent K d value of 2.4 M. Electron microscopic observation disclosed p26olf immunoreactivity in the cilia, dendritic knob, and dendrite of olfactory receptor cells. Blot overlay analysis and affinity purification of p26olf-binding proteins showed that p26olf binds to a frog ␤-adrenergic receptor kinase-like protein in a Ca 2؉ -dependent manner. These results suggested that p26olf has some roles in the olfactory transduction or adaptation.
The initial event of the vertebrate olfaction takes place at the cilia of olfactory receptor cells. Odorants bind to specific receptors in the cilia membrane, and the binding signal is transmitted to cAMP-gated cation channels (1) (2) (3) . One of the characteristic features of olfaction is rapid adaptation. An influx of Ca 2ϩ through the cation channel has been shown to be essential for olfactory adaptation (4) . The entering Ca 2ϩ possibly influences the olfactory transduction mechanism by modifying cAMP metabolism (5) or the sensitivity of the cAMP-gated cation channel (6) . The intracellular Ca 2ϩ signal is often mediated by Ca 2ϩ -binding proteins and transduced to a variety of physiological events. It is therefore highly possible that olfactory adaptation is mediated by a Ca 2ϩ -binding protein(s). We have previously isolated a novel Ca 2ϩ -binding protein, p26olf, from the frog olfactory epithelium. It has been shown that p26olf localizes in the cilia layer of olfactory epithelium and is a dimeric form of S100 protein (7, 8) . The physiological function of p26olf has not been known. In the present study, to elucidate the possible function of p26olf, we first characterized the Ca 2ϩ binding activity and the Ca 2ϩ -induced conformational change of p26olf, then investigated the detailed localization of p26olf in the cilia layer of the olfactory epithelium, and finally tried to identify the target protein(s) of p26olf. The results indicated that p26olf 1) binds ϳ4 Ca 2ϩ with an apparent K d of 2.4 M, 2) is present in the distal segment of the olfactory cilia where the olfactory transduction takes place, and 3) interacts in a Ca 2ϩ -dependent manner with some olfactory cilia proteins including a frog ␤-adrenergic receptor kinase-like protein.
EXPERIMENTAL PROCEDURES
Solutions-A standard buffer solution contained 115 mM potassium gluconate, 2.5 mM KCl, 2 mM MgCl 2 , 10 mM HEPES, 0.1 mM CaCl 2 , and 0.2 mM EGTA (pH 7.5) (K-gluc buffer). In the 1 mM CaCl 2 /K-gluc buffer, the Ca 2ϩ concentration was made 1 mM by addition of 1 M CaCl 2 to the K-gluc buffer. In the 3 mM EGTA/K-gluc buffer, 3 mM EGTA (final concentration) was added to the K-gluc buffer. Ringer's solution contained 115 mM NaCl, 3 mM KCl, 2 mM MgCl 2 , 2 mM CaCl 2 , 10 mM glucose, and 5 mM Tris-HCl (pH 7.5). Tris-buffered saline (TBS) 1 contained 0.9% NaCl and 100 mM Tris-HCl (pH 7.5). Phosphate-buffered saline (PBS) contained 0.9% NaCl and 10 mM phosphate buffer (pH 7.5).
45
Ca Blot Analysis-Calcium blot was performed essentially as described by Maruyama et al. (9) . Recombinant p26olf was prepared as described (7) . Molecular size markers (Bio-Rad) and p26olf (ϳ6 g each) were electrophoresed and transferred onto a PVDF membrane (Immobilon; Millipore). The membrane was soaked in TBS under 1 mM 45 CaCl 2 . After the membrane was washed with 50% methanol and dried, bound 45 Ca was detected with BAS2000 (Fuji, Tokyo, Japan). measure the stoichiometry of Ca   2ϩ binding to p26olf, we performed flow dialysis experiments using microconcentrators (Centricon; Amicon) as ultrafiltration devices (10, 11) . In this experiment, p26olf or bovine serum albumin (final concentration, 10 M each) was incubated in 300 l of a 20 mM Tris-HCl buffer (pH 7.5) containing 100 mM KCl and 200 M 45 CaCl 2 (6.2 Ci/mol). This reaction mixture was placed in a prewashed microconcentrator and then it was centrifuged briefly. We counted the activity of 45 Ca in 4 l of the reaction mixture pooled before the centrifugation and that of the filtrate. By comparing activities of 45 Ca in these two solutions, the amount of Ca 2ϩ bound to the protein was calculated. Blank experiments without proteins were done to correct for nonspecific binding of Ca 2ϩ to the membrane of microconcentrators.
Flow Dialysis Experiments-To
Circular Dichroism Measurement-Circular dichroism (CD) spectra of recombinant p26olf (37 M) were measured with a Jasco J-720W spectrophotometer in a solution containing 50 mM Tris, 50 mM KCl, 2 mM MgCl 2 , and 1 mM mercaptoethanol (pH 7.5) at 1-mm light path. The Ca 2ϩ concentration was varied from Ͻ10 nM to 1 mM using Ca 2ϩ /EGTA buffering systems and was calibrated fluorometrically with fluo-3 (Dojin, Kumamoto, Japan) using Calbuf2 (WPI Instruments) as Ca 2ϩ concentration standards. The spectrum was recorded in the region of 200 -250 nm at 0.1-nm intervals, scan speed of 10 nm/min, response time of 4 s, and at 20°C. The CD spectrum of each sample was measured twice, and they were averaged.
Electron Microscopic Immunocytochemistry-For electron microscopic observation, a bullfrog (Rana Catesbeiana) was first perfused transcardially with ice-chilled PBS and then fixed with 4% paraformaldehyde in PBS. The frog olfactory epithelium was quickly removed and postfixed in the same fixative for 1 h at 4°C. The fixed tissue block was immersed in 20% sucrose and frozen with crushed dry ice. Cryostat sections were cut serially at 20-m thickness and dried on a glass slide in air. The sections were treated with either anti-p26olf antiserum raised in a rabbit (7) or absorbed anti-p26olf antiserum preincubated overnight at 4°C with recombinant p26olf (500 g/ml). Both sections were reacted with horse radish peroxidase-conjugated secondary antibody and then they were stained with a solution containing 0.05% 3,3Ј-diaminobenzidine tetrahydrochloride (Wako, Osaka, Japan), 0.01% H 2 O 2 , and 50 mM Tris-HCl buffer (pH 7.5). After the diaminobenzidine reaction, they were refixed with 2% OsO 4 and dehydrated with a graded series of ethanol. Gelatin capsules containing epoxy resin were inverted onto the specimens. After the resin was cured at 60°C for 48 h, the gelatin capsules were detached from the glass slide. Semithin sections were cut at 1-m thickness and stained with 0.05% toluidine blue. Ultrathin sections were stained with uranyl acetate and lead acetate and observed with a Hitachi-Hu-12AS electron microscope.
Isolation of Olfactory Cilia-Partially purified cilia from frog olfactory epithelium were obtained according to the procedure described by Sklar et al. (12) . Briefly, bullfrogs were decapitated and pithed and then the olfactory epithelia were dissected and collected in ice-chilled Ringer's solution. The suspension of the epithelia was centrifuged at 5,000 ϫ g for 5 min, and the precipitated epithelia were washed by TBS. Cilia were then detached from the epithelia by abruptly raising the Ca 2ϩ concentration to 10 mM. After agitation in the shaker for 20 min at 4°C, the deciliated epithelia were removed by centrifugation at 1,500 ϫ g for 5 min. The supernatant containing the cilia was centrifuged at 12,000 ϫ g for 15 min. The resulting pellet containing the isolated cilia was resuspended in the cilia stock buffer (10 mM Tris-HCl, 3 mM MgCl 2 , 0.1 mM CaCl 2 , and 0.2 mM EGTA, pH 8.0).
Preparation of Biotinylated p26olf-For blot overlay analysis (see below), p26olf was biotinylated. Biotinylation of p26olf was performed using a succinimide ester of biotin (13) . 300 l of 130 M p26olf in the K-gluc buffer was mixed with 700 l of 0.1 M sodium borate (pH 8.8) containing 14 mM N-hydroxysuccinimide biotin (final molar ratio of p26olf/biotin was 1/250) and then the mixture was incubated for 4 h at room temperature. After non-reacted N-hydroxysuccinimide biotin was blocked by addition of 1 M NH 4 Cl, the buffer was replaced by the K-gluc buffer using microconcentrators. During this procedure, non-reacted biotin was removed.
Blot Overlay Analysis-Isolated cilia were mixed with an SDS sample buffer, and the mixture was electrophoresed and blotted onto a PVDF membrane. The cilia proteins on the membrane were renatured by washing with the K-gluc buffer, and the membrane was blocked overnight in the K-gluc buffer containing 2% normal goat serum, 0.25% gelatin, 0.1% Nonidet, and 1 mM dithiothreitol. After the membrane was incubated with biotinylated p26olf (final concentration, 2 M) for 2 h at room temperature in either the 1 mM CaCl 2 /K-gluc buffer or the 3 mM EGTA/K-gluc buffer, the membrane was washed 4 times for 5 min each with the K-gluc buffer. Biotinylated p26olf bound to target proteins was linked to horse radish peroxidase using a Vectastain ABC kit (Vector Laboratories) and was visualized using a chemiluminescence reagent (Renaissance; NEN Life Science Products).
Western Blot Analysis-Proteins in isolated cilia were electrophoresed and blotted onto a PVDF membrane as described above. After blocking with 10% skim milk in PBS, the membrane was incubated overnight at 4°C with anti-rat ␤-adrenergic receptor kinase antiserum (a kind gift from Dr. H. Kurose at Tokyo University, Tokyo, Japan; Ref. 14) , anti-rat G olf antibody (Santa Cruz Biotech.), anti-rat ␤-tubulin antibody (Sigma), or anti-human annexin II antibody (Transduction Laboratories) at dilutions of 1/50, 1/200, 1/200, and 1/20, respectively. After washing with PBS, the membrane was treated with the avidinbiotinylated enzyme complex method. Immunoreactive proteins were visualized by a chemiluminescence reagent.
Preparation of p26olf-Sepharose-N-hydroxysuccinimide-activated Sepharose 4 Fast Flow (2 ml, Amersham Pharmacia Biotech) was poured into a column and washed with 20 ml of 1 mM HCl three times. Immediately after the wash, the column was equilibrated with a coupling buffer (200 mM NaHCO 3 , 500 mM NaCl, 2 mM MgCl 2 , 0.1 mM CaCl 2 , pH 8.0). Then we added p26olf (60 M) and incubated the column overnight at 4°C in the coupling buffer. After the incubation, nonreacted groups were blocked by 0.5 M ethanolamine (pH 8.3) containing 0.5 M NaCl at room temperature for 60 min. The coupling efficiency was Ͼ90%. The column was then equilibrated with the 1 mM CaCl 2 /K-gluc buffer. A portion of the p26olf-Sepharose thus prepared was used for affinity purification of possible target proteins of p26olf (see below).
Affinity Purification of Possible Target Protein(s) of p26olf-Membrane proteins of isolated cilia from 20 frogs were solubilized with the cilia stock buffer containing 2% CHAPS overnight at 4°C. After centrifugation at 12,000 ϫ g for 15 min, the supernatant was diluted with the 1 mM CaCl 2 /K-gluc buffer so that the concentration of CHAPS was 0.2%. The diluted supernatant (700 l) was mixed with 500 l of p26olf-Sepharose prepared as above in the 1 mM CaCl 2 /K-gluc buffer for 2 h at room temperature. After the mixture was centrifuged (7,000 ϫ g, 5 s), the supernatant (unbound fraction) was removed. Then, p26olf-Sepharose was rinsed with the 1 mM CaCl 2 /K-gluc buffer twice and centrifuged each time (7,000 ϫ g, 5 s). Proteins that bound to p26olf-Sepharose at a high (1 mM) Ca 2ϩ concentration were eluted by centrifugation (7,000 ϫ g, 5 s) in 100 l of the 3 mM EGTA/K-gluc buffer (bound fraction).
RESULTS

Ca
2ϩ Binding Activity of p26olf-Ca 2ϩ binding of p26olf was examined by 45 Ca blot analysis (Fig. 1A) . Expressed p26olf was electrophoresed and blotted onto a PVDF membrane. As shown in the right panel of Fig. 1A, p26olf bound 45 Ca, whereas molecular size marker proteins did not. To estimate the amount of Ca 2ϩ bound to p26olf, we performed flow dialysis experiments using 45 Ca. As shown in Fig. 1B -induced conformational change of p26olf, we measured the CD spectrum of p26olf at various Ca 2ϩ concentrations. As shown in Fig. 2 , Ca 2ϩ binding to p26olf increased the negative signal both at 210 and 222 nm, indicating that both the ␤-sheet and ␣-helix content increase by binding of Ca 2ϩ to p26olf. In the Ca 2ϩ -free form of p26olf, the ␤-sheet and ␣-helix content were estimated to be 19 and 30%, respectively, and in the Ca 2ϩ -bound form, they were 32 and 41%.
The CD signal change at 222 nm was plotted as a function of the calibrated Ca 2ϩ concentration (Fig. 2, inset) . The result showed that the Ca Localization of p26olf in Frog Cilia Layer-Our previous immunohistochemical study revealed that p26olf is localized in the cilia layer of the frog olfactory epithelium (7). However, the olfactory cilia layer consists of cilia originating from olfactory receptor cells, microvilli originating from supporting cells, and mucous proteins. For this reason, more detailed observation as for the cellular localization was necessary to understand the physiological role of p26olf. For this purpose, immunohistochemical studies were performed on semithin sections at a light microscopic level and on ultrathin sections at an electron microscopic level. As shown in Fig. 3A , in semithin sections, p26olf was localized in the cilia (labeled as c in Fig. 3A) , dendritic knob, and dendrite of olfactory receptor cells (d in Fig.  3A) . Absorbed antiserum showed no immunoreactivity (Fig.  3B) . By electron microscopic observation, p26olf immunoreactivity was shown in the cilia (c in Fig. 3C ) and dendritic knob (k in Fig. 3C ). Among cilia compartments, the distal segments of cilia (upper half in c in Fig. 3C ) were more intensely labeled than the proximal segments of cilia and dendritic knob (lower half in c, and k in Fig. 3C ). This immunoreactivity was not observed when absorbed antiserum was used (Fig. 3D) .
Identification of p26olf-binding Proteins-To identify the target protein(s) of p26olf in the olfactory cilia, whole cilia proteins were electrophoresed and blotted onto a PVDF membrane (Fig. 4A) , and they were probed by biotinylated p26olf (see "Experimental Procedures"). Among cilia proteins, p26olf bound to ϳ35-, ϳ60-, ϳ75-, and ϳ100-kDa proteins in the presence of Ca 2ϩ (left panel in Fig. 4B, asterisks) but not in the absence of Ca 2ϩ (right panel). These four positive proteins, therefore, are the candidates of the target protein(s) of p26olf. Among the four candidates, the signal to the ϳ60-kDa protein was the strongest.
To identify the four candidate proteins, we first examined whether the four candidates are known proteins or not. Based on the apparent molecular masses of the four candidate proteins, we picked out the following three known olfactory cilia proteins: ␤-adrenergic receptor kinase (␤ARK) (ϳ79 kDa; Refs. 15 and 16), G olf (ϳ40 kDa; Ref. 17) , and ␤-tubulin (ϳ55 kDa; Refs. 18 and 19). In addition, because p26olf is a homologue of S100 protein, we also picked out annexin II (ϳ35 kDa) that is known to complex with S100 protein (20 -22) . With Western blot analysis, the presence of these four known proteins was examined in the whole cilia proteins using their specific antibodies. If the known proteins were detected, their molecular masses were compared with those of the candidate proteins.
Among the four antibodies used, anti-␤ARK, anti-G olf and anti-␤-tubulin gave specific positive signals (Fig. 4C) , but the antibody against annexin II was negative (not shown). Among the three positive signals, the apparent molecular mass of the G olf or ␤-tubulin band did not correspond well to those of the candidate proteins, but that of the anti-␤ARK-positive band (arrowhead in Fig. 4C ) was very similar to that of the ϳ60-kDa candidate. For the similarity of the molecular masses, therefore, the result suggested that an ϳ60-kDa candidate protein is a ␤ARK-like protein to which the Ca 2ϩ -bound form of p26olf binds.
Identification of the ϳ60-kDa Protein as a Frog ␤ARK-like Protein That Binds to the Ca 2ϩ
-bound Form of p26olf-To directly show that the ϳ60-kDa candidate protein is a frog ␤ARK-like protein that binds to the Ca 2ϩ -bound form of p26olf, p26olf-binding proteins were first isolated with affinity purification using p26olf-Sepharose at a high Ca 2ϩ concentration and then the immunoreactivity of these candidates to anti-␤ARK antiserum was examined.
A CHAPS-solubilized fraction of cilia proteins (lane 1 in the left panel in Fig. 5 ) was mixed with p26olf-Sepharose at 1 mM were eluted by reducing the Ca 2ϩ concentration. The amount of the eluted proteins was so small (left panel, lane 3) that no Coomassie Brilliant Blue staining signals were detected. However, in this bound protein fraction, we did observe an ϳ60-kDa protein that was recognized by anti-␤ARK antiserum (lane 3 in the right panel of Fig. 5, arrowhead) . In sharp contrast, anti-␤ARK antiserum did not react to any of the unbound proteins (right panel, lane2). In our control experiment using Sepharose resin alone (without conjugation with p26olf), we did not observe anti-␤ARK-positive signals in the bound protein fraction (not shown). The result indicated that the ␤ARK-like protein detected bound specifically to p26olf at a high Ca 2ϩ concentration.
DISCUSSION
In the present study, we showed that p26olf binds ϳ4 Ca 2ϩ ( Fig. 1) , and the binding of Ca 2ϩ induces the increase in both the ␣-helix and ␤-sheet content (Fig. 2) . The apparent K d value of the Ca 2ϩ effect was 2.4 M with the Hill coefficient of 1.5. Immunoreactivity of the anti-p26olf antiserum was observed in the cilia and dendritic knob of the olfactory receptor cell (Fig.  3) . Blot overlay analysis showed that there are at least four candidates as the target proteins of p26olf (Fig. 4) . Among them, an ϳ60-kDa protein was most intensively detected. In a separate experiment, some of the known olfactory receptor cell proteins were immunochemically identified, and a ␤ARK-like protein was detected at an apparent molecular mass of ϳ60 kDa (Fig. 4B) . Partial affinity purification of p26olf-binding proteins yielded an ϳ60-kDa protein that was immunopositive to anti-␤ARK antiserum (Fig. 5) .
Ca 2ϩ Binding Property of p26olf-In p26olf, two S100-like domains are aligned sequentially (7) . In each of the N-and C-terminal half domains, there are two Ca 2ϩ binding structural motifs known as EF-hands (23), a first N terminus and a second C terminus EF-hand. The first N terminus EF-hand is referred to as a pseudo EF-hand. This pseudo EF-hand motif has a low affinity for Ca 2ϩ and is typical in the S100 protein family. The second C terminus EF-hand shows a normal EFhand motif found in calmodulin or troponin C, but there is a four-residue insertion between E and F ␣-helix, which is typical in p26olf (8) . It was, therefore, of interest to know whether all these EF-hand motifs can bind Ca 2ϩ or not. As shown in Fig. 1 , p26olf binds ϳ4 Ca 2ϩ per molecule, which suggested that both N terminus pseudo EF-hand and C terminus p26olf-typical EF-hand motifs are functional to bind Ca 2ϩ . To ascertain this possibility, however, we need further detailed studies such as mutation experiments in these EF-hands.
In Fig. 2 , we measured the CD signal change accompanied by the Ca 2ϩ -induced conformational change of p26olf. The change was sigmoidal with the Hill coefficient of 1.5, which suggested that two EF-hands are involved in the cooperative Ca 2ϩ binding. It will be interesting to determine which EF-hands are responsible for the cooperative binding of Ca 2ϩ . Calbindin, a member of S100 proteins suggested to act merely as a Ca 2ϩ buffer, undergoes subtle conformational change upon Ca 2ϩ binding (21) . In contrast, as shown in Fig. 2 -dependent binding of a ␤-adrenergic receptor kinase-like protein to p26olf. Cilia proteins were extracted with CHAPS. A small portion (5 of 75 l) was applied to SDS-PAGE and blotted onto a PVDF membrane (lanes 1). The extract was mixed with p26olf-Sepharose at 1 mM Ca 2ϩ and centrifuged (see "Experimental Procedures"). A small portion of the supernatant (15 of 700 l) was applied to SDS-PAGE and blotted (lanes 2). The proteins bound to p26olf-Sepharose were eluted at a low Ca 2ϩ concentration, and a small portion (15 of 100 l) was applied to SDS-PAGE (lanes 3) and blotted. All the blotted membranes were stained with Coomassie Brilliant Blue (left) or probed by anti-␤ARK antibody (right).
conformational change could be an indication of the involvement of a protein in a Ca 2ϩ -dependent intracellular physiological event(s).
Possible Target Protein(s) of p26olf-As shown in Fig. 4 , with blot overlay analysis of whole cilia proteins, we detected four candidate proteins as the Ca 2ϩ -dependent-binding protein of p26olf. Among them, the binding signal was the strongest in an ϳ60-kDa protein of which molecular mass was very close to that of a protein immunopositive to anti-␤ARK antiserum. Affinity purification of the Ca 2ϩ -dependent-binding protein of p26olf also yielded an ϳ60-kDa protein that is immunopositive to anti-␤ARK antiserum (Fig. 5) . All of these results strongly suggested that the ϳ60-kDa protein is a ␤ARK-like protein that interacts with the Ca 2ϩ -bound form of p26olf. Frog ␤ARK has not been identified yet but the rat orthologue has a molecular mass of ϳ79 kDa (15) . We have preliminarily attempted to purify ␤ARK from the frog olfactory epithelium using a heparin column and obtained an ϳ60-kDa protein that is immunopositive to anti-␤ARK antiserum (not shown). It is possible therefore that frog ␤ARK has a smaller molecular mass than its orthologue or that our ϳ60-kDa protein is a proteolytic product of ␤ARK.
In recent studies, S100 proteins have been shown to complex with annexins in a Ca 2ϩ -dependent manner (20 -22) . An ϳ35-kDa p26olf-binding protein was detected as the candidate of the p26olf target protein (Fig. 4) . This molecular mass is close to that of annexin II. Although the annexin II antibody raised against the human annexin II did not show immunoreactivity to this ϳ35-kDa protein or even to other frog olfactory cilia proteins in the present study (see "Results"), it will be interesting to know whether the ϳ35-kDa protein is a frog annexin.
Possible Intracellular Function of p26olf-The olfactory transduction components such as G olf and type III adenylate cyclase are present in the distal segment of the olfactory cilia (25) . For this reason, the distal segment is believed to be the site where olfactory transduction takes place. Because p26olf is enriched in the distal segment of the cilia (Fig. 3C) , this protein could have some roles in olfactory transduction. Recent studies suggested that ␤ARK is involved in olfactory adaptation through the phosphorylation of the odorant receptor (26) and that Ca 2ϩ modulates the activity of some members of G-protein coupled receptor kinase family, which includes ␤ARK (24). Therefore, it is possible that p26olf plays an important role in olfactory adaptation through interacting with ␤ARK in a Ca 2ϩ -dependent manner.
